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Abstract 
This paper analyzes the detailed behavior and efficiency of a solar combi-system during a full year based on an existing control 
algorithm developed by SolisArt Company. Whereas so far simulations are usually done with a simplified control system or 
black box models, it may be formed conveniently by a detailed algorithm model to control all the system equipments thanks to 
Modelica language versatility. According to the results, reducing energy demands or increasing solar area lead to higher energy 
savings and high economy rate between 34 and 70 % with 6 collectors. Finally, the developed model can also be used to size and 
optimize the key components of the system.  
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction
For 2020 the European Union (EU) has committed to limiting its emissions to 20 %, and increase by 20 % the
energy efficiency with 27 countries. In 2030, this effort will have to continue to achieve 40 % and around 80/95 % 
for 2050 in order to limit global warming [1]. Actual Renewable energy part for the EU was 14.1 % in 2012 (15.6 % 
for heating and cooling demands) of current objective of 20 % for 2020 [2]. France has to play a part and must reach 
the 23 % target of renewable energy and reduce by 14 % its CO2 emissions by 2020 to limit the greenhouse effect 
[3]. Achieving these targets can lead to 3 millions more potential jobs due to renewable energy by 2020 [4]. 
* Corresponding author. Tel.: +33-556-846-380; fax:+33-556-845-436 
E-mail address: jeremy.bois@u-bordeaux.fr
Available online at www.sciencedirect.com
 5 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the CENTRO CONGRESSI INTERNAZIONALE SRL
1986   J .Bois et al. /  Energy Procedia  78 ( 2015 )  1985 – 1990 
Today, with more than 40 % (2013) of the total finale energy consumption and 27 % for households in Europe, 
buildings are a key cause for environmental and economic impact. Space heating represents 68 % of households 
energy consumption per dwelling (with climatic corrections) and 12 % for domestic hot water (DHW) requirements, 
making both relevant with only 1 % variation of consumption per dwelling since 1990 [2, 5]. Moreover, 25 % of 
end-use of CO2 emission are due to energy use in residential buildings and half of these emissions are emitted 
directly by households via burning of fuel in 2009 [6]. Solar climate is favorable in France with an average 
irradiation of 1112 kWh/m2/year but only 2 % of households use a solar heater. Beside in Germany(1092 
kWh/m2/year), and in Austria (1126 kWh/m2/year), respectively 7 % and 24% of households use solar energy to 
provide DHW[5]. In May 2014 the European Commission (EC) called on members state to "accelerate fuel switch 
in the heating sector to renewable heating technologies" where currently only 2 % in EU28 and 0.4 % in France of 
renewable energy is represented by solar thermal [2, 7]. Nevertheless, an improved solar energy labeling is 
introduced in Directive 2010/30/EU [8]. Solar manufacturers from September 2015 will have to test each system 
performance in order to receive a package labeling [9]. 
There is already parametric studies which evaluate solar combi-systems. For example, a Nearly Zero Energy 
Building (NZEB) with the f-chart method [10], or a house energy retrofit using TRNSYS [11] or Simulink [12]. 
These studies use static approach [10] or transient simulations [11, 12]. A static approach can be used for the energy 
calculations as an initial step. However, as to fully understand the impact of the outside conditions irregularities on 
the global system performance, a transient approach is required. Consequently, future low-energy houses must be 
developed together with their systems in order to ensure a combination as appropriately as possible. 
This paper uses the simulation tool from this standpoint. It evaluates an innovative solar combi-system with a 
detailed control algorithm developed by SolisArt Company. That is, a versatile tool must be used to compute 
together the building, the solar combi-system and the control algorithm. Modelica language was therefore used. 
Firstly, it is ideally suited for multi-domain system of equation. In addition, its object oriented approach allows to 
conveniently develop complex model. A more detailed description of Modelica language is provide with an overall 
description of the whole system. Then, the main assumptions used in the simulations are described. Finally, the 
system efficiency is analyzed during a full year with different locations and different collector areas. Results show 
that this innovative solar combi-system can provide a large part of buildings energy requirements, even in 
inauspicious environment as in Strasbourg. 
2. Model description
2.1. Modeling 
Modelica language (version 3.2.1) and Dymola (2015 FD01 64bit) were used to develop and simulate this solar 
combi-system (Fig. 1). Modelica is an open source modeling language ideally suited for multi-domain system of 
equations containing electrical, electronic, hydraulic, thermal, and mechanical subcomponents. Using object 
oriented programming techniques allows to create complex models with various techniques, such as overriding or 
polymorphism from basic or partial inherited classes. Object composition can also be used to merge multi 
components without losing access to their own application programming interface (API). Thanks to this approach it
is possible to make specific model without having to start from scratch. Moreover, using library and reusing existing 
models allows development of a new model faster as well as keeping access to their public API. Modelica has also a 
huge build-in base of elementary models which provides connectors or Boolean operation and basic multi domain 
models (Modelica Standard Library). Dymola was developed by Dassault Systèmes (3DS) to help modeling and 
simulating multi-engineering  models. It provides a graphical user interface and multiple implicit or explicit solvers.
The solar combi-system and the house were simulated with Esdirk23a an implicit stiff solver available in Dymola. 
2.2. System description 
The house (Fig. 1) is outfitted with a complex solar combi-system coupled with an auxiliary fossil fuel heater for 
all cases. The system uses solar flat collectors (south oriented with a 30° inclination), two tanks and an oil boiler as 
auxiliary with an annual efficiency of 0.778. The tank on the left is a storage tank which stocks solar energy 
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accumulated for later use during periods of lack of solar irradiation. The tank on the right is a DHW one and can be 
loaded with solar or boiler at 40 °C. Heating space was provided by a radiator connected to the house by two heat 
ports, one for radiative and another for convective heat, respectively representing 35 and 65 % of transmitted 
energy. There are also two three ways valves and four pumps with variable speed to control the fluid circulation 
thanks to the algorithm control. They are mainly three systems states but maintaining DHW tank required 
temperature is a priority even if they are heating demands in the house. First, direct solar energy can be used for 
space heating or raise temperature inside the two tanks if there is enough solar irradiation. Second, outside daily sun 
hours the storage tank take over and energy for space heating is still provided by the sun but indirectly. Lastly when 
the storage tank temperature falls below algorithm limit the energy demands is covered by the boiler.  
Fig. 1. Schematic drawing illustrating the solar combi-system principle. 
The house used in the simulation is an existing building located next to Chambéry belonging to a family 
composed of five members. Total living space is 135 m2 with two floors of 70 and 65 m2. The temperature set point 
was 20 °C during the full day with no distinctions of weekdays. However if there is enough sun, the set point 
temperature is raised to stock energy inside the building to delay the auxiliary heating demand. An average 
description of the walls composing the building and heat transfers is presented in Table 1.  
Table 1. Building composition of each element area and its heat transfer coefficient . 
Type Building element area (A) (m2) Heat transfer coefficient (U) (W.m-2.K-1) U*A (W.K-1)
Exterior wall 93.76 0.40 37.50
Roof 70 0.32 22.40
Floor 65 0.62 40.30
Window
Total
17
245.76
1.41
-
23.97
124.17
3. Assumptions for simulations and calculations
The house model comes from the Buildings library developed by the Lawrence Berkeley National Laboratory
[13] and a heat capacity of the furniture was added to the house inertia. This model handles solar irradiations
through wall and windows, renewable of air, internal  load and has an unique air node. The solar collector and the
storage tank used in all simulations come from the buildings library. The collector model (Table 2b) was improved
with energy integrator in order to evaluate its efficiency during all days. The DHW tank was developed thanks to the
storage tank model and upgraded to accept two exchangers. They have respectively 500 and 400 liters of capacity.
The DHW supply was developed with a controller to keep the right supply temperature by mixing cold and hot 
water from the tank. A specific monthly average water network temperature was used for each city according to 
their location to take into consideration their variability (Table 2a). DHW profile was designed to be representative 
of the five inhabitants habits (using 2/3 of their daily DHW during evening) with a daily basis of 33 liters per 
inhabitant at 60 °C. Finally water use inside the solar system was mixed with ethylene glycol (30 %) to preserve it 
from outdoor temperature leading to a specific water capacity of 3608 J/(kg.K).
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Four different locations were studied in order to cover all climatic zones in France. These locations cover climate 
from Continental with Strasbourg in the north east (48.57°N, 7.75°E), Mountain with Chambéry at east (45.57°N, 
5.91°E), mild Oceanic with Bordeaux at west (44.84°N, -0.58°E), and lastly Mediterranean with Marseille in the 
south east (43.30°N, 5.37°E). Each city was simulated with 3, 6 or 9 collectors and constant tanks capacity. Another 
simulation defined as reference was run without solar collector using a fuel boiler to meet all needs .
Table 2. Solar collector description (a), annual consumption for heating demand and cold  water supply temperature variability (b). 
a
City Annual Consumption 
(KWh.m-2.year-1)
Cold water supply 
variability (°C)
Chambéry 58 6.4 - 15
Strasbourg 63 5.3 - 14
Bordeaux 37 8.9 - 16
Marseille 27 12 - 19
Value Unit
Collector Area 2.32 m2
Capacity 1.35 l
Linear losses coefficient (a1)
Quadratic losses coefficient (a2)
3.796
0.013
W / (m2.K)
W / (m2.K2)
Nominal collector  efficiency (η0) 0.78 -
b
Table 3. DHW profile. 
Thus, results of simulations could be used to characterize the system and computing the economy rate (Feco), the 
fractional energy saving (Fsav) and the solar collector efficiency (η). Solar efficiency is defined as solar energy fed 
into water (PSolar) divided by solar beam and diffuse irradiance on tilted collector area (Iinc) as defined below: 
Inc
Solar
I
P K  (1) 
Fractional energy saving represents the solar collector production (Psolar) divided by total energy production 
(BCover), needed to cover DHW requirements,  heating demand, and losses from tanks and pipes. The following 
equation is used. 
Cover
Solar
Sav B
PF   (2) 
Economy rate can be computed as the fossil energy consumption of reference provided to cover house energy 
demands (CRef) minus consumption of auxiliary (CSol) with solar combi-system then divided by CRef. 
f
Solf
Eco C
CC
F
Re
Re   (3) 
4. Results
In Fig. 2a we can observe difference in outcome of solar irradiance with Strasbourg and Marseille as the extreme 
bottom/top. Dynamics simulation allow to take account of irregularity of external conditions such as in March or 
Time Schedule (hour) 0-6 6-9 9-12 12-15 15-18 18-21 21-24
Draw volume (liters at 40°C) 0 45 0 45 0 185 0
Mass flow rate (kg/s) 0 0.01 0 0.01 0 0.035 0
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April with Bordeaux (Fig. 2b) provoking a decrease of tanks temperatures (location of each temperature sensor is
shown in Fig.1). The pump speed evolution is also plotted to have information about the system performances. For 
instance at Bordeaux, storage tank begins charging only during February (Fig. 2b). At Chambéry or Strasbourg, the 
tank starts being useful in March and during the whole year at Marseille.  
Fig. 2. IInc monthly evolution for the four weather (a), tanks temperature (T3, T4 at lower and top DHW tank and T5 at top storage tank) and 
pump speed monthly data (S6 at storage tank exchanger, S5 at lower DHW tank exchanger, and S2 at the radiator) with box and whiskers 
representing respectively lower to top quartile and the range of data (b) for Bordeaux. 
The combined monthly evolution of Fsav and η is drawn in Fig. 3, for the four cities with one graph each. Plots 
have two y axis which respectively accounted for FSav (the green ones,  on the left) and η (the blue ones, on the right) 
with the same colors as the relevant curves. Lastly, different markers are used to distinguish the number of collectors 
(triangles for 3, stars for 6 and squares for 9). 
Fig. 3. FSav and η monthly evolution for each simulation group by city. 
Solar efficiency decreases when collector area increases. As a matter of fact, we have more incident irradiations 
but needs remain the same. In Marseille, with a suitable climate, 6 collectors enable to cover around 100 % of BCover
from March to October. Alternatively for Chambéry, it is possible to insure more than 80 % of BCover from April to 
October. During the summer η decreases significantly because of the surplus energy. This unused energy could be 
combined with a heat pump to cold the house which will be the primary issue with future NZEB. Finally,  annual  
energy performances are provide in Table 4 as a summary of all the simulations. 
a b
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Table 4. Annual characteristics of solar combi-system simulations with 3, 6 and 9 collectors. 
5. Conclusion
The obtained results show that a substantial part of houses heating and DHW demands can be supplied by solar 
combi-systems and therefore limit the greenhouse effect. This system was enabled to cover 44 % (with 6 collectors) 
of all needs in Strasbourg with an unpropitious climate. In more advantageous climate such as Marseille, it was able 
to provide a Fsav of 77 % (with 6 collectors). Moreover these results show solar combi-systems are under estimated 
by actual house market whereas innovating systems already exist. Solar technologies are now mature, reliable and 
cost-effective, but France suffered in 2013 from a fall of 21 % on combined and solar domestic water system and 22
% for collective solar system leading to an annual evolution of -23.7 % from 2012 to 2013 [9]. This study 
complements studies already achieved in Germany with a passive house [14].  
Further ongoing studies will take into account equipments consumption as part of the total consumption in order 
to evaluate a more accurate solar economy. An experimental approach in a house outfitted with this solar system and 
its algorithm is also planned with the aim of validating the actual model. Finally thanks to all previous elements, it
will be possible to provide an economic evaluation of all systems and evaluate how to choose a combination of 
equipments for a specific weather. 
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Chambéry Bordeaux Strasbourg Marseille
Collector area (m2) 7.0 14.0 20.9 7.0 14.0 20.9 7.0 14.0 20.9 7.0 14.0 20.9
Consumptions 
(kWh)
Solar 4538 6814 8390 4736 6785 8158 4134 6122 7557 5029 6945 8217
Auxiliary 12396 9620 7855 7781 5391 3759 13819 11358 9696 5546 3216 1716
BCover
(kWh)
Heating 7620 7874 8100 4876 5080 5260 8106 8353 8564 3835 4007 4144
DHW 2912 2917 2920 2727 2733 2735 3015 3019 3020 2461 2466 2469
Losses 2157 2556 2217 2035 2483 2635 2187 2475 2578 2142 2541 2726
Factors
(%)
η 48 36 30 48 35 28 49 37 30 41 28 22
FSav 36 51 61 49 66 77 31 44 53 60 77 88
FEco 29 45 55 40 58 71 25 38 47 49 70 84
